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Organic ferroelectric field-effect transistors (OFeFETSs) are regarded as a promising technology for low-cost flexible
memories. However, the electrical instability is still a critical obstacle, which limits the commercialization process. Based
on already established models for polarization in ferroelectrics and charge transport in OFeFETs, simulation work is per-
formed to determine the influence of polarization fatigue and ferroelectric switching transient on electrical characteristics
in OFeFETs. The polarization fatigue results in the decrease of the on-state drain current and the memory window width
and thus degrades the memory performance. The output measurements during the ferroelectric switching process show a
hysteresis due to the instable polarization. In the on/off measurements, a large writing/erasing pulse frequency weakens
the polarization modulation and thus results in a small separation between on- and off-state drain currents. According to
the electrical properties of the ferroelectric layer, suggestions are given to obtain optimal electrical characterization for

OFeFETs.
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1. Introduction

Organic electronics has attracted much attention due to
its potential for large-area electronic applications such as flex-
ible displays and smart labels. Organic transistors and displays
have entered the market; however, organic nonvolatile memo-
ries are still the main bottleneck which narrows the applica-
tions of all-organic flexible electronic systems.!!! Among all
reported organic nonvolatile memories, organic ferroelectric
memories have been comprehensively studied and regarded
as a promising technology for low-cost flexible memories.
Ferroelectric polymers, especially poly(vinylidene fluoride-
co-trifluoroethylene) (P(VDF-TrFE)), and organic semicon-
ductors, such as pentacene and P3HT, are integrated to form
ferroelectric field-effect transistors (OFeFETSs) for nonvolatile
memory function. )

However, the electrical instability of OFeFETs is still a
critical obstacle and inhibits the commercialization process.
Usually the electrical instability in OFeFETs behaves as a
threshold voltage shift and results from the instability of the
organic semiconducting layer, the ferroelectric layer, and the
interfaces related to both layers. To well understand the mech-
anisms behind the electrical instability in OFeFETs, it is nec-
essary to separate the contributions from the organic semicon-
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ducting and the ferroelectric layers and even from the inter-
faces. Threshold voltage shifts (or electrical hysteresis) due
to bias stress, especially in air, have been widely observed
in most of the organic semiconductors and a large number
of experimental and theoretical investigations have been re-
ported, though a complete picture of the physical mechanisms
is still missing.[®! Usually the electrical hysteresis in organic
semiconductors is attributed to charge injection and trap in the
semiconductor channel and/or at the semiconductor/dielectric
interface, slow reactions of mobile charge carriers and mobile
ions in the semiconductors, and even the complicated combi-
nation of all these mechanisms. %)

The electrical instability in ferroelectric polymer films is
mainly caused by polarization fatigue, imprint effect, depo-
larization field, and even the transient of ferroelectric switch-
ing. The depolarization field due to the lack of charge com-
pensation in the ferroelectric layer is considered as one of
the main causes of the worse retention performance in ferro-
electric field-effect transistors.[*>! The imprint effect is due
to charges trapped inside the ferroelectric materials and thus
shows a time-dependent tendency to resist the polarization
reversal.[®) The polarization fatigue is defined as the reduc-
tion of switchable polarization in ferroelectric films due to re-
peated electrical stress and characterized by the degradation of
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remanent polarization P, with fatigue cycles.!”) The degraded
P can directly decrease the on/off ratio and narrow the mem-
ory window in OFeFETs. The ferroelectric switching time
of ferroelectric films changes from tens of seconds to sev-
eral tenths of a microsecond as the applied electrical field in-
creases from a little below the coercive field (E. ~ 50 MV/m)
to about 200 MV/m.!8! The switching transient may also re-
sult in the electrical instability in the OFeFET characteriza-
tion, especially when a gate voltage with low amplitude and/or
small duration is applied. However, till now little work has
been done to determine to what extent the polarization fatigue
and the switching transient can influence the electrical char-
acteristics in OFeFETs. This may be due to the complexity
of the OFeFET configuration and the large electrical insta-
bility from the organic semiconducting layer which conceals
the contribution from the ferroelectric layer in experimental
measurements. Here we try to use already established mod-

s and charge transport

els for polarization in ferroelectric
in OFeFETs!!>-14] to evaluate the contributions of polarization
fatigue and switching transient on the electrical characteristics
of OFeFETs using P(VDF-TrFE) as the dielectric layer and

P3HT as the active layer.

2. Model and method

The schematic structure of the OFeFET to be simulated
is presented in the inset of Fig. 1. It shows a top-gate and top-
contact configuration with P3HT as the active layer, P(VDF-
TrFE) as the ferroelectric layer, and Al as the gate, source, and
drain electrodes. First we will give some brief introductions on
those theories correlative with our simulation work. Note that
here we directly quote the final equations from those related
references without any derivation.

2.1. Ferroelectric polarization

Electrical polarization P depends on the electric field ap-
plied to the ferroelectric film and its previous history. Though
it is still an open question how to find a physical model for the
description of polarization hysteresis, a numerical and empir-
ical model is widely accepted for this purpose. In this model,
the polarization is described as a function of the electric field
applied to the ferroelectric film (Eferro). The first polarization

of an unpolarized ferroelectric film is defined by*-!!1

P, E +E

P(Eferro) = Es |:tanh <f6rr060>
E —FE

+ tanh (""“50” (1)

with
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where P is the spontaneous polarization of the ferroelectric
film. The resulting polarization depends on the maximum
applied field Epn,x. Then, to obtain a complete polarization—
electrical field (P-E) hysteresis loop, the polarization as a
function of the electrical field below Ep,yx is given as

P+ (Eferrm Emax)

Eferro — Ec
0

Ps Emax + Ec Emax - Ec
+ > [tanh (5 ) — tanh (5 >} , (3)

P (Eferrm Emax)

Efcrro + Ec
0

PS Emax + EC Emax - EC
o (E ) ()]

where P and P~ signify the positive- and the negative-going
branches of the P-E loop. Here we set P, = 0.08 C/m2,
P =0.07 C/m2, and E;. = 50 MV/m, which are represen-
tative for electrical properties in ferroelectric P(VDF-TrFE)
films,[15-16]

= Pstanh <

= Pstanh (

2.2. Polarization fatigue

Experimentally, the polarization fatigue in ferroelectric
polymer films is characterized by the decrease of F. Usu-
ally P; degradation can be empirically fitted to the stretched

exponential[13-16]

By=Poe~ I, 5)

where Py of 0.07 C/m? is the remanent polarization before the
fatigue process, while P,y is the remanent polarization after N
fatigue cycles, B is a stretching factor, f is the frequency of
the applied fatigue field, and 7 is a characteristic decay time.
Such stretched exponentials, known as the William—Watts de-
cay, are invoked in a wide variety of physical phenomena.!!”!
Thus the spontaneous polarization after the N-th fatigue cycle
(Pyv) can be approximately estimated by

Py =Po—(Po—Pw). (6)

Here we assume that during the fatigue process, the decrease
in the spontaneous polarization is equal to the decrease in the
remanent polarization.

Typical values of f = 0.32, f = 1.0 kHz, and T = 5.1 X
10° s are obtained from our previous work!!>! and are used
here to evaluate the influence of the ferroelectric fatigue on
the electrical characteristics of OFeFETs.

2.3. Ferroelectric switching transient

The ferroelectric switching transient in ferroelectric poly-
mer films is well experimentally studied and can be approxi-
mately expressed as a function of time 7(%18]

D (t) =£,€Eerro 2P {1 — Ci(t/ts)y} + 0 Eferrot 7
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where D is the electrical displacement, &, is the permittivity of
a vacuum, € = 12 is the relative permittivity of the ferroelec-
tric layer, f is the switching time, 7 is a parameter related to
the shape of the switching curve, and ¢ is the dc conductivity.
We consider an ideal ferroelectric film with ¢ = 0. Dielec-
tric capacitance Crey, Of the ferroelectric layer can be approx-
imately evaluated by Crerro = €,€S/d, where S is the electrode
area and d = 500 nm is the film thickness. We can obtain
the dielectric capacitance of the ferroelectric layer, which is
about 2.1 x 10~* C/m?, much smaller than the ferroelectric
polarization of P, = 0.08 C/m?. So here we only consider the
contribution of the ferroelectric polarization and neglect the
influence of the dielectric capacitance. A large number of ex-
perimental observations indicate that the switching time f is
Eferro-dependent and can be described by the exponential law

ts — tsm eEa/Eferro , (8)

where f is a limited switching time of 5 ns, and E, is an ac-
tivation field of 1 GV/m,!8! which are consistent with the ex-
perimental measurements obtained for a 1.0 pum thick P(VDF-
TrFE) film.!"”] Both values will be further validated by ex-
perimental measurements of ferroelectric switching transient
below, and y will be determined by fitting the ferroelectric
switching curves with Eq. (7).

2.4. Charge transport in OFeFETs

The charge transport in inorganic field-effect transistors
has been well and quantitatively described.!”) However, it is
hard to be directly used for organic semiconductors, because
the charge carrier mobility in organic semiconductors is de-

(121 Recently, a standard model

pendent on the carrier density.
has been developed for the simulation of organic field-effect
transistors (OFETs), which is based on variable range hop-
ping of charge carriers in an exponential density of localized
states with parameters directly linked to the physical proper-
ties of the semiconductor such as the width of the density of
states. The charge transport in a unipolar organic transistor is

expressed as a function of the applied gate bias and the opera-

tion temperature!!>~14]
4 1 1 1 T 1
1y = fGQhCZTm*l ( )
qL 2Tre1 — 1 2Tie1 \ 2kpToEsc €0
< (1IVerl PPt = [Verr+Vasl ) ©)
with
4 Trel
o [sinn/ T 0
=3 | - (10)
(20)"Bc

where €, is the permittivity of a vacuum, kg is the Boltzmann
constant, Vg is the voltage applied to the drain electrode, W

and L are the channel width and length, oy is a conductiv-
ity prefactor, a~! is an effective overlap parameter, B is re-
lated to the onset of percolation and given by 2.8 for three-
dimensional systems,no] Tret = To/T with Ty being a char-
acteristic temperature describing the width of the density of
states, C is the gate capacitance per unit area, & is the di-
electric constant of the semiconductor, and g is the elementary
charge. The Vj, is the switch-on voltage, defined as the gate
voltage at which there is no band bending in the semiconduc-
tor. For OFeFETs, the effective gate bias Vg can be written
as

P(Eferro)

Vetr = _Vg + Voo — C )

(11)
and Eferr, can be written as a function of the gate voltage (V)
and the thickness of the ferroelectric layer (dferro)
Vg - Vso

dferro

Eferro = (1 2)

Note that, as for this model, it is assumed that the potential in
the active channel is uniform between source and drain. To
meet this assumption, we define a narrow channel geometry
with W/L =1 mm/10 um and a thicker ferroelectric film of
500 nm so that small Vg, of several volts and large V; as high
as 100 V can be applied. The other parameters are set accord-
ing to the fitting results for PAHT-based OFeFETs!!>2!l and
listed below: oy = 2.86 x 10° S/m, Ty = 350 K, T = 300 K,
o1 =2.6A,V,, =2V, and the dielectric constant of the fer-
roelectric P(VDF-TrFE) is 12.

3. Results and discussion

The OFeFET structure used for our calculation is shown
in the inset of Fig. 1. P(VDF-TrFE) and P3HT are used as fer-
roelectric and semiconducting layers, respectively. The source
is electrically grounded, and gate V, and drain Vg5 voltages are
applied to the gate and the drain, respectively.

First we consider the polarization-V, (P-V,) hysteresis
loop of the ferroelectric layer and the polarization-modulated
transfer characteristic of an OFeFET at various gate voltages.
Typical results are shown in Fig. 1, where the gate voltage is
varied from 50 V to 100 V. The P-V; loops show anticlockwise
hystereses (Fig. 1(a)), consistent with the experimental obser-
vations of ferroelectric P(VDF-TrFE) films. As for the transfer
characteristic shown in Fig. 1(b), the ferroelectric polarization
modulates the charge transport of the active channel, resulting
in a clockwise hysteresis (memory window). To emphasize
the modulation of the ferroelectric polarization on the elec-
trical performance of OFeFETs, we also calculate the output
characteristic of a standard OFET with a 500 nm thick SiO,
layer instead of the ferroelectric P(VDF-TrFE) layer. The rel-
ative dielectric constant of the SiO, layer is set to 3.9. The
output curve of this OFET structure is also shown in Fig. 1(b).
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Obviously, for this standard OFET structure without ferroelec-
tric modulation, the transfer curve shows no hysteresis. Fur-
thermore, the drain current in the OFeFET structure at a neg-
ative gate voltage is more than one order of magnitude larger
than that in the OFET structure, which can be attributed to the
modulation of the ferroelectric polarization. Note that, in our
calculations, an ideal semiconducting layer is assumed, which
can be completely switched off without any current leakage,
resulting in zero drain current at the off state.
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Fig. 1. (color online) (a) Simulated P-V, hysteresis loops of the ferro-
electric layer and (b) the simultaneously obtained transfer characteristic
of the OFeFET structure. Transfer curves are obtained at Vgg = —3 V.
The labels, ‘P(VDF-TrFE)’ and ‘SiO;’, in panel (b) indicate the di-
electric layer used for the calculations. Inset in panel (a) shows the
schematic structure of the OFeFET used in our calculation, and inset in
panel (b) is the semilogarithmic plot of the transfer curves.

We now consider the polarization-fatigue-induced degra-
dation of transfer characteristic in the OFeFET device. The P;
and Py during the fatigue process are approximately estimated
according to the empirical Eqgs. (5) and (6) and then the P-
V, hysteresis loops and the transfer curves are obtained using
Egs. (3), (4), and (10). Typical results are shown in Fig. 2,
where a fatigue gate voltage with amplitude of 60 V and fre-
quency of 1.0 kHz is applied. Figure 2(a) shows the change in
P-V, loops with fatigue cycles and indicates nearly the same
trend as that experimentally observed in P(VDF-TrFE) films:

gradually rounded hysteresis loop and decreased polarization.
The corresponding transfer curves are shown in Fig. 2(b). In
our calculation, the obtained off-state drain current is always
zero during the fatigue process, while the on-state drain cur-
rent gradually decreases with fatigue cycles. Furthermore, the
width of the memory window gradually decreases during the
fatigue process. We calculate the maximum width of the mem-
ory window, AV, to quantitate the change in the width of the
memory window with fatigue cycles. From Fig. 2(b), AV oc-
curs at zero drain current. Figure 2(c) shows the decrease of
the on-state drain current /,, at V; = 0 V and the maximum
window width AV with fatigue cycles, while figure 2(d) shows
the normalized degradation of I,,, AV, and P;. Obviously, I,
degrades much faster than AV. In our calculation, AV keeps a
constant of 46.8 V at an early fatigue state with less than 10°
fatigue cycles and then decreases with the further increase of
fatigue cycles. This indicates that, at the early fatigue state,
though the remanent polarization decreases to 87.4% of its
initial value, the polarization in the ferroelectric layer is still
high enough to keep switch-on and switch-off voltages con-
stant and thus maintain AV. From Fig. 2(d), we can see that
window width AV decreases the most slowly, while I, shows
the fastest degradation, which may result in fast decrease of
the on/off ratio.

Next, we consider the influence of the ferroelectric
switching transient on the electrical characterization in OFe-
FETs. To determine the ¥ value and further validate both 7.
and E, in Eq. (7), first we prepare an AI/P(VDF-TrFE)/Al
sandwich structure for the experimental measurement of the
ferroelectric switching transient. Ferroelectric films are pre-
pared by spin-coating technique from a 5.0% by weight so-
Iution of 60/40 P(VDF-TrFE) in butanone onto Al deposited
glass substrates. The films are annealed at 140 °C for 4 h
to increase their crystallinity. Then the Al top electrodes are
vacuum deposited. The ferroelectric films have a thickness of
about 518 nm, as measured by an atomic force microscope
(Nanoscope V, Veeco Inc., USA). Note that, though 518 nm
thick 60/40 P(VDF-TrFE) thin films are used here to determine
the ferroelectric switching transient, the simulation results are
suitable for other P(VDF-TrFE) films with various thicknesses
and various VDF/TrFE molar ratios.

Switching time #; can be determined by time domain mea-
surements of the charge response induced by a stepwise elec-
tric field.[® The relations between the electric displacement,
the applied field, and the switching time can be well described
by Eq. (7). In the electrical measurements, the bottom elec-
trode is always grounded and the applied voltage is applied to
the top electrode. First, a pulse of —40 V is applied for 1.0 s to
remove the previous polarization history and then the film was
re-polarized by a pulse of +-40 V, resulting in dipole reorienta-
tion. The resulting current response is recorded and integrated
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with respect to the time to determine the time dependence of
the electrical displacement D. Typical D—t characteristic is
shown in Fig. 3(a). By fitting the Dt curve in Fig. 3(a) with
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Eq. (7), a representative ¥ value of 1.8 is determined. The
switching time of 3.6 ms is further obtained from the time of
the maximum dD/dlogt shown in inset of Fig. 3(a).
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Fig. 2. (color online) Simulation results of the polarization-fatigue-induced degradation of memory performance in OFeFET: degra-
dation of (a) P-V; hysteresis loops and (b) transfer curves with fatigue cycles, (c) decrease of on-state drain current /o, and memory
window AV, and (d) the normalized changes in P, Iy, and AV with fatigue cycles.

According to Eq. (8) with #,.o. =5 ns and E, = 1 GV/m,
we obtain a nominal switching time of 2.1 ms for the 518 nm
thick film polarized by a voltage of 40 V, well consistent with
the experimental value of 3.6 ms. Both #,.. and E, values of
5 ns and 1 GV/m, respectively, are suitable for our calcula-
tions.

Based on Egs. (7) and (9), we can further evaluate what
happens to drain current measurements during ferroelectric
switching transients. Figure 3(b) shows the time dependence
of the polarization reversal and thus the induced change in
the drain current. Polarization switching starts at Ofs; be-
fore Ot ferroelectric polarization is pre-set at stable positive
or negative polarization states, and therefore the OFeFET de-
vice stays at completely switch-off or switch-on state.

When a negative writing pulse is applied, the ferroelectric
layer is switched from positive (P = 0.08 C/m?) to negative
(P=-0.08 C/mz) polarization state, and the OFeFET device
tends to be switched on. However, at the very beginning of the
application of the writing pulse, the ferroelectric polarization
still stays at its pre-set positive polarization state, thus result-
ing in switch-off of the OFeFET device and zero drain cur-
rent. The drain current Iy; at Vg3 = —3 V keeps being 0 mA

(off-state) in the early 0.78¢, corresponding to a polarization
of 0.0044 C/m?. With the further increase of switching time,
the polarization gradually reverses from positive to negative,
which is helpful to enhance the drain current. The OFeFET
device is switched on and I3 gradually increases to the maxi-
mum on-state current of 0.11 mA in the rest time of 3f;.

As a comparison, when a positive erasing pulse is applied,
the OFeFET device tends to be switched off. However, at the
very beginning of the pulse application, the polarization stays
at its pre-set negative polarization state, which enhances the
drain current and thus results in the largest drain current of
0.11 mA. Once the erasing pulse is applied, the drain current
sharply decreases and then, with the increase of time, the neg-
ative polarization gradually decreases and thus weakens its en-
hancement effect on the drain current. The Iy, decreases from
0.11 mA to 0 mA in the early 0.78¢,, corresponding to a po-
larization of —0.0044 C/m?, and then keeps being 0 mA in the
rest time of 3#;. At 0.78, the negative polarization is too low
to keep the switch-on of the OFeFET device, thus resulting in
zero drain current and the complete switch-off of the OFeFET
device. Longer time can be helpful for complete polarization

reversal but do no good to the drain current.
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Fig. 3. (color online) The influence of ferroelectric switching tran-
sient on drain current measurements in an OFeFET. (a) Experimental
measurement of ferroelectric switching transient in Al/518 nm P(VDF-
TrFE)/Al structure and the fitting curve. Inset indicates the experimen-
tal determination of switching time. (b) The change in drain current Iy
at V4 = —3 V during ferroelectric switching transient. Ferroelectric
switching starts at Ot;. The open circles labeled by Py and Iof indicate
the polarization and drain current corresponding to ferroelectric switch-
ing from negative to positive polarization state by an erasing gate volt-
age of +40 V, while the solid circles labeled by Py, and I, indicate the
polarization and drain current corresponding to ferroelectric switching
from positive to negative polarization state by a writing gate voltage of
—40 V.

Here we can see the critical influence of the pulse du-
ration on the efficient switches between on- and off-states in
OFeFETs.

1) If the OFeFET is switched from on- to off-state by
a positive erasing pulse, a pulse duration of 0.78¢ is long
enough to realize a complete switch-off of the active chan-
nel, though at this time the polarization only changes from
—0.08 C/m? to —0.0044 C/m?.

2) If the OFeFET is switched from off- to on-state by a
negative writing pulse, a pulse duration of 0.78¢ is the lower
limit to start the switch-on of the OFeFET device and to make
sure a large enough negative polarization for the maximum
drain current; an even longer pulse duration, for example 2.5¢;,
is required for complete switch-on.

3) From Eqgs. (9) and (11) and also from our calculated
results in Fig. 3, we know that the larger the negative po-
larization, the larger the drain current. With the same pulse
amplitude, it is suggested that for the OFeFET operation, the
on-state writing pulse duration (for example, ~ 2.5¢;) should
be much longer than the off-state erasing pulse duration (for

example, ~ 0.781;).

Furthermore we hope to determine what happens if
the output characteristic is measured during the ferroelec-
tric switching process. First, we consider the situation that
the semiconducting layer is switched from off- to on-state.
The ferroelectric layer is positively pre-polarized and then re-
polarized by a low gate voltage of —20 V, which results in a
much longer switching time f#; of 37 s so that several output
loops can be experimentally measured in a time range of 3.
Polarization in the ferroelectric layer is slowly switched from
positive to negative polarization state by —20 V gate voltage
and simultaneously six consecutive triangular Vs pulses scan-
ning between 0 and —5 V are applied in a time range of 3t
as shown in Fig. 4(a). The corresponding six output loops are
shown in Fig. 4(b). At the early stage of ferroelectric switch-
ing, the change in polarization is not enough to switch on the
active channel, so no drain current can be observed (loop 1).
As time increases, more dipoles are reversed, resulting in the
switch-on of the channel, observable I, is obtained but the
calculated output loops show clockwise hystereses (loops 2—
4) due to the continuous change in polarization from positive
to negative state resulting in gradually enhanced polarization
modulation of the drain current. Finally, the polarization is
completely reversed and a large drain current is observed but
the output loops show no hysteresis (loops 5 and 6).

Second, the semiconducting layer is switched from on- to
off-state and the drain current is recorded during ferroelectric
switching. The ferroelectric layer is negatively pre-polarized
and then re-polarized by a gate voltage of +20 V and simul-
taneously six consecutive triangular Vg, pulses scanning be-
tween 0 and —5 V are applied in a time range of 3¢;. The po-
larization reversal with the time is shown by the red curve in
Fig. 4(a), while the corresponding six output loops are shown
in Fig. 4(c). At the early state of ferroelectric switching, the
OFeFET device is not switched off, we still obtain an observ-
able drain current (loops 1 and 2); however, due to the polar-
ization switching from negative to positive polarization state,
which tends to turn off the drain current, the obtained output
curves (loops 1 and 2) show anticlockwise hystereses, opposite
to those loops obtained when the OFeFET device is switched
from off- to on-state (Fig. 4(b)). After 0.78¢; (~ 1.56 loops),
the semiconducting channel is completely switched off by a
large enough positive polarization, resulting in zero drain cur-
rent (loops 3-6).

From these calculations, we can see that the dynamic
switching process in the ferroelectric layer can also result in
clockwise or anticlockwise hystereses in the output measure-
ments. In the experimental measurements of OFeFETS, to ob-
tain stable and repeatable output characteristics, it is necessary
to make sure that the measurements are performed under sta-
ble polarization state.
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Fig. 4. (color online) Output characteristics during ferroelectric switch-
ing. (a) Polarization switching and the applied triangular drain voltage
Vis in a time range of 3t;. The black curve indicates the polarization re-
versal by gate voltage of —20 V, while the red curve is the polarization
reversal by +20 V. (b) Output curves measured in 3#;,. A gate voltage
of —20 V is applied during ferroelectric switching. (c) Output curves
measured in 37;. A gate voltage of +20 V is applied during ferroelectric
switching.

In experimental measurements of field-effect transistor
memories, researchers usually prefer to apply continuous writ-
ing/erasing (W/E) pulses to switch on/off the active channel
in order to illuminate the separation of on- and off-states and
the ability for repeated writing and erasing. However, here
we want to demonstrate that the frequency (or period) of the
WI/E pulses will greatly influence the observed results, espe-
cially the separation of on- and off-states. For this purpose,
bipolar rectangular W/E gate pulses with 50% duty ratio, 60 V
amplitude, and various frequencies are applied. Note that, ac-
cording to Egs. (8) and (12), the writing and the erasing pulses
result in different Eferro (—124 MV/m and +116 MV/m, re-
spectively) due to non-zero Vg, (here Vo =2 V) and thus dif-

ferent switching time of #,_on = 15.9 us and #;_opr = 27.7 pus,
where f; opp indicates the switching time as the polarization
is switched from negative to positive polarization state by the
positive erasing gate voltage, while ,_on indicates the switch-
ing time as the polarization is switched from positive to nega-
tive polarization state by the negative writing gate voltage.

Figure 5(a) shows the calculated results for repeated po-
larization switches and sequent on/off drain current in an OFe-
FET as a function of time when five bipolar rectangular pulses
are applied with a period of 4 x (f,_orr +#s.0N), equivalent to
a W/E frequency of 5.7 kHz. In this case, the pulse period is
long enough to ensure the complete switch between positive
and negative polarization states, so the semiconducting chan-
nel can be completely switched on and off. This is the ideal
situation which shows no influence of the W/E gate pulse pe-
riod on the on/off measurements.

However, with the further decrease of the W/E pulse pe-
riod (or the increase of the pulse frequency), a pulse-period-
dependent on/off characteristic is gradually observed. Typical
results are shown in Fig. 5(b), where ten bipolar W/E pulses
are applied with a period of (¢s_opr +15.0N)/2, equivalent to a
frequency of 45.6 kHz. During the application of W/E pulses,
the ferroelectric layer suffers asymmetric ferroelectric rever-
sal due to different Efepo of —124 MV/m and 4116 MV/m for
writing and erasing pulses, respectively. The duration of one
writing (erasing) pulse is (fs.orF +#s.0on)/4 = 10.9 ps, cor-
responding to 0.39¢_opr and 0.68¢; on. This duration is too
short for both writing and erasing pulses to completely reverse
the polarization. Furthermore, according to the ferroelectric
switching results shown in Fig. 3(b), in every W/E cycle, the
negative writing gate pulse of 0.687;_on can cause more polar-
ization reversal than the positive erasing pulse of 0.39¢_opf.
Therefore, after several W/E cycles, the ferroelectric polariza-
tion tends to be negatively polarized, no matter whether the
ferroelectric layer is pre-polarized to a negative or positive po-
larization state, as can be seen in Fig. 5(b). In the figure, the
black curves correspond to the results when the ferroelectric
layer is assumed to be initially in a negative polarization state
and then the positive erasing and the negative writing (E/W)
pulses are sequentially applied, while the red curves are the
results when the ferroelectric layer is initially in a positive po-
larization state and then the negative writing and the positive
erasing (W/E) pulses are sequentially applied.

First we consider the results shown by the black curves,
where the data are obtained from an OFeFET with a nega-
tively pre-polarized ferroelectric layer. Here we define Pon
and I45 oN as the final polarization and the final drain current
measured when negative writing pulses of the E/W gate pulses
are applied, and Popr and I4s opF as the final polarization and
the final drain current measured when positive erasing pulses
are applied. Though the polarization is modulated by the bipo-
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lar E/W pulses, both Pon and Popp gradually degrade in the
first five E/W pulses, and then stay nearly constant in the rest
of the five periods. Compared with the polarization modu-
lation AP (AP = |Pox — Porr|) of 0.16 C/m? in Fig. 5(a), a
small polarization modulation of only 0.021 C/m? is observed
in Fig. 5(b). The corresponding polarization-modulated I3 on
and Iys_orr also gradually reach to their stable values after five
WI/E pulses. Note that the final off-state drain current Iys oFp is
~ 9.4 uA due to the incomplete switch-off of the active chan-
nel and the final on-state drain current Iys on of 68.7 HA is
much smaller than I3 on of 124 pA in Fig. 5(a). Further-
more, we observe the oscillatory degradation of polarization
and Iys especially at the early several E/W cycles, which have
the same period as that of the applied W/E pulses. This os-
cillation is due to the alternate application of positive erasing
and negative writing pulses which cause positive and negative
polarization reversals, respectively, and the gradual degrada-
tion is due to the asymmetric ferroelectric reversal induced by
different writing and erasing fields.
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Fig. 5. (color online) The influence of the writing/erasing pulse period
on on/off measurements in OFeFETs. (a) Changes in polarization and
drain currents with time as five bipolar rectangular pulses are applied
with the period of 4 X (5 opr +15.0n). The ferroelectric layer is assumed
to be initially in negative polarization state and then the positive eras-
ing and the negative writing pulses are sequentially applied. The five
E/W pulses are also schematically plotted. (b) Changes in polarization
(lower panel) and drain current (upper panel) with time as ten bipolar
rectangular pulses are applied with the period of (s opr +#s.0n)/2. For
all calculations, bipolar rectangular W/E gate pulses with 60 V ampli-
tude and 50% duty ratio are applied and the drain current is calculated
atVgg=-3 V.

As for the red curves obtained from an OFeFET with

a positively pre-polarized ferroelectric layer, the polarization
also shows oscillatory degradation from the initial +0.08 C/m?>
to negative values and, after five W/E pulses, both Pon and
Porr gradually reach to their stable values resulting in stable
AP of 0.021 C/m?. The polarization-modulated drain current
gradually increases and Iys_on and Iys_opr finally reach at their
stable values of 68.9 uA and 9.38 1A, respectively.

Note that, whether the ferroelectric layer in OFeFETS is
negatively or positively pre-polarized, the same W/E pulses
will finally result in the same modulation of polarization and
thus the same on/off drain currents.
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Fig. 6. (color online) The quantitative changes in (a) Pon, Porr, and AP
and (b) I4s_oN> l4s.0FF, and Algg as a function of W/E pulse frequency f
and f X (t;_oFF +15.0N)-

The quantitative changes in PoN, Porr, and AP as a func-
tion of W/E pulse frequency f and f X (fsopr + ts.0N) are
shown in Fig. 6(a), while the consequent changes in Iys oN,
l4s oFF, and Alyg are shown in Fig. 6(b), where Aly, is defined
as Alys = |Igs.on — las.orr|- Obviously, for a W/E frequency
lower than 7.6 kHz (or T

1
1s OFF H5.ON) )
observable changes and are independent of the W/E frequency,

, Pon and Pogr show no

so the corresponding I35 on and Iys_opr are also independent of
the W/E frequency and show the maximum separation (or the
maximum on/off ratio); while, with the increase of the W/E
pulse frequency, Pon and Porr degrade until AP is hardly dis-

tinguished, for example, AP is only about 0.0011 C/m? at the
10
fs OFF 15 ON

frequency of 228 kHz (or ). As a comparison, AP is
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as large as 0.16 C/m? at a frequency below 7.6 kHz. However,
though Pon and Popr begin to degrade at frequency larger than
7.6 kHz, I35 on and Iys_orr show degradation at frequencies of
11.4kHz (or —%>__) and 22.8 kHz (or 1

] fs_ OFF 115 ON ) Is OFFHs ON 7’ *
tively. To some extent, the degradation of the on/off drain cur-

), respec-

rents lags behind that of polarization. In our calculations, the
separation Alys of the on- and off-state drain currents decreases
from 124 pA at lower frequency to 35 pA at the frequency of
228 kHz.

From all these results in Figs. 5 and 6, it is obvious that
W/E pulses with high frequency can greatly degrade the po-
larization modulation and thus the measured on/off character-
istic in OFeFETs. It is suggested to reasonably select the W/E
pulse frequency according to the pulse amplitude, which de-

termines the switching time of the ferroelectric layer. Usu-
0.5

s OFF 5 ON

imum Alg. Furthermore, in the experimental measurements,

ally a frequency below Hz is preferred to get max-
WI/E pulses with various duty ratios or asymmetric positive
and negative amplitudes are recommended to obain symmet-
ric polarization switch and thus symmetric on/off drain current
modulation during the application of the positive and the neg-
ative half cycles.

4. Conclusion

We used the already established models for ferroelec-
tric polarization in ferroelectric polymers and charge trans-
port in OFeFETs to evaluate the influence of polarization fa-
tigue and ferroelectric switching on electrical characteristics
in OFeFETs. We simultaneously quantitated and compared
the degradations of the polarization, the on-state drain current,
and the memory window width with fatigue cycles. During

the ferroelectric switching process, the output measurements
in OFeFETs showed clockwise or anticlockwise hysteresis,
which depends on the direction of the polarization reversal.
When the on/off measurements were performed by repeated
WIE pulses, the pulse frequency is critical for the efficient po-
larization modulation and thus the separation of on- and off-
state drain currents.
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